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ETS Gene Er81 Controls the Formation
of Functional Connections between Group Ia
Sensory Afferents and Motor Neurons
and Krumlauf, 1996) and neuronal identity (Tanabe and
Jessell, 1996) and the selection of early axonal trajecto-
ries (Landgraf et al., 1999; Thor et al., 1999). It remains
unclear whether and how cell-specific transcription fac-
tors control later developmental steps that more directly
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Within the vertebrate central nervous system (CNS),New York, New York 10032
the simplest and best understood neuronal circuit is that²Department of Neurobiology
controlling a stereotyped sensory-motor behavior, theUniversity of Pittsburgh
spinal monosynaptic stretch reflex circuit (Eccles et al.,Pittsburgh, Pennsylvania 15261
1957; Brown, 1981). In this circuit, connections are
formed between two main classes of neurons, muscle
sensory (proprioceptive) neurons and spinal motor neu-Summary
rons (MNs). The axons of proprioceptive neurons enter
the spinal cord during embryonic development and formThe connections formed between sensory and motor
either direct or indirect connections with MNs. This dis-neurons (MNs) play a critical role in the control of
tinction in connectivity reflects the existence of two ma-motor behavior. During development, the axons of pro-
jor classes of proprioceptive neurons, distinguishableprioceptive sensory neurons project into the spinal
by their association with specialized peripheral trans-cord and form both direct and indirect connections
duction cells and by their pattern of axonal projections
with MNs. Two ETS transcription factors, ER81 and
in the spinal cord (Brown, 1981; Zelena, 1994).
PEA3, are expressed by developing proprioceptive
One class of proprioceptive neurons, group Ia affer-
neurons and MNs, raising the possibility that these
ents, innervates muscle spindles in the periphery. Cen-
genes are involved in the formation of sensory-motor
trally, group Ia afferents form two major termination
connections. Er81 mutant mice exhibit a severe motor zones, one in the intermediate spinal cord where syn-
discoordination, yet the specification of MNs and in- apses are made with interneurons and one in the ventral
duction of muscle spindles occurs normally. The motor spinal cord where direct connections are made with
defect in Er81 mutants results from a failure of group Ia MNs (Brown, 1981). A second class, group Ib afferents,
proprioceptive afferents to form a discrete termination forms peripheral associations with Golgi tendon organs
zone in the ventral spinal cord. As a consequence (GTOs) and projects axons centrally only to the interme-
there is a dramatic reduction in the formation of direct diate spinal cord, where synaptic contacts are made
connections between proprioceptive afferents and with interneurons but not with MNs (Brown, 1981). At a
MNs. ER81 therefore controls a late step in the estab- finer level of specificity, muscle spindle afferents form
lishment of functional sensory-motor circuitry in the preferential connections with pools of MNs that inner-
developing spinal cord. vate the same muscle group (Eccles et al., 1957; Frank
et al., 1988). The selectivity of connections formed be-
tween proprioceptive afferents and MNs is thought to
Introduction have its basis in the selection of distinct afferent termina-
tion zones in the spinal cord and the recognition of
The precision with which neuronal circuits are assem- specific neuronal targets (see Chen and Frank, 1999),
bled during development has a fundamental role in de- but functional insight into the molecules that control the
fining the behavioral repertoire of the mature organism. development of this circuit has not been obtained.
The formation of neuronal connections depends on a In avian embryos, developing proprioceptive neurons
series of developmental steps that include the extension and MNs are linked by the expression of ER81 and PEA3,
of axons toward distant targets (Tessier-Lavigne and two closely related members of the ETS class of tran-
Goodman, 1996), the selection of specific laminar termi- scription factors (Lin et al., 1998). Initially, ER81 and
nation zones within target regions (Sanes and Yama- PEA3 are coexpressed by all proprioceptive neurons,
gata, 1999) and the formation of selective synapses but the expression of these two proteins soon segre-
(Frank et al., 1988). There is increasing evidence that gates into distinct neuronal subsets. At the time that
many aspects of neuronal development are directed by direct sensory-motor connections are formed, individual
the cell type±specific expression of transcription factors pools of MNs that express ER81 or PEA3 are innervated
(Bang and Goulding, 1996; Cepko, 1999). However, most preferentially by proprioceptive afferents that express
the same ETS protein (Lin et al., 1998). ETS proteinstranscription factors that have been implicated in neural
control cell differentiation in many nonneural systemsdifferentiation control early developmental processes:
(Wasylyk et al., 1998), raising the possibility that thethe specification of regional neural pattern (Lumsden
expression of ER81 and PEA3 contributes to the forma-
tion of selective connections between proprioceptive³ To whom correspondence should be addressed (e-mail: tmj1@
afferents and MNs in the developing spinal cord (Lin etcolumbia.edu).
al., 1998).§ Present address: Department of Cell Biology, University of Basel,
Basel CH-4056, Switzerland. We have analyzed the development of sensory-motor
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Figure 1. Expression of ER81 and PEA3 in Developing MNs
(A±D, F±I) Expression of ER81 and PEA3 in motor pools of the ventral quadrant of lumbar spinal cord of E13.5 mouse embryos at L2 (A±D)
and L3 (F±I) (lateral is to the right). Motor pools are indicated by arrows: A, adductor; V, vasti; RF, rectus femoris; H, hamstring; GL, gluteus.
(A and F) Expression of ER81 (red) and PEA3 (green). At L2, ER81 is expressed in A MNs (LMCm; also see Figures 1C and 5) and in V MNs
(LMCl; also see Figure 1C), whereas PEA3 is expressed in RF MNs. At L3, ER81 is expressed by a subset of H MNs and PEA3 is expressed
by GL MNs.
(B and G) Lateral PEA31 RF MNs (B) and GL MNs (G) do not coexpress Isl1 (LMCl).
(C and H) At L2 A MNs coexpress Isl1 (LMCm) and V MNs do not express Isl1 (LMCl). At L3, the majority of Isl11/ER812/PEA32 MNs correspond
to PC and H MNs.
(D and I) The level of HB9 expression is higher in LMCl than in LMCm. MMC MNs (arrow) coexpress high levels of HB9 and Isl1 (appearing
yellow).
(E and J) Motor pool map at L2 (E) and L3 (J) (modified from McHanwell and Biscoe, 1981). Motor pools that express either ER81 or PEA3
are shown in color. A: adductor, red (ER811/Isl11, LMCm); V: vasti, yellow (ER811/Isl12, LMCl); RF: rectus femoris, turquoise (PEA31/ Isl12);
GL: gluteus, green (PEA31/Isl12); H: hamstring muscles (blue) comprise several motor pools only a subset of which express ER81 or PEA3.
P, pectineus; PC, posterior cruz; AC: anterior cruz. Dashed lines represent border between LMCm (left) and LMCl (right).
(K) Reconstructed motor pools in a horizontal section of lumbar spinal cord. Horizontal lines marked as L1±L4 represent the posterior end of
each segment. Gray arrows to the right (E and J) indicate level corresponding to the transverse sections in (A±E) and (F±J).
Scale bar 5 30 mm.
connections in mice lacking Er81 function. Er81 mutant To determine the identity of the hindlimb LMC neurons
that expressed ER81 and PEA3, we compared their posi-mice develop a severe defect in motor coordination,
but this behavorial phenotype is not associated with a tion with that of MN pools (McHanwell and Biscoe, 1981;
C. Lance-Jones, Soc. Neurosci. abstract 10, 639, 1984).disruption in the generation of proprioceptive neurons
or MNs, nor in the initial pattern of axonal projections We also injected HRP into selected hindlimb muscles
and examined the ETS protein profile of retrogradelyof these neurons. Rather, in Er81 mutant mice, group Ia
muscle spindle afferents fail to form their characteristic labeled MNs. ER81 appears to be expressed in the vasti,
adductor, and a subset of hamstring MNs (Figurestermination zone in the ventral spinal cord. As a conse-
quence, direct connections between proprioceptive af- 1A±1K; data not shown), whereas PEA3 expression
maps to the rectus femoris, gluteus and a separate setferents and MNs are dramatically reduced and func-
tional motor output is lost. These results provide genetic of hamstring MNs (Figures 1A±1K; data not shown). At
forelimb levels, PEA3 was expressed by pectoralis MNsevidence that a late step in the assembly of sensory-
motor circuitry in the mammalian CNS is controlled by but few LMC neurons expressed ER81 (data not shown).
Thus in mouse as in chick, the expression of ER81 andan ETS class transcription factor.
PEA3 defines distinct MN pools. Moreover, the MN pools
that express ER81 or PEA3 in the mouse appear toResults
supply the functional homologs of chick muscles inner-
vated by ER811 and PEA31 LMC neurons (Lance-Jones,Expression of ER81 and PEA3 by MNs
1979).and Proprioceptive Neurons
We next examined whether ER81 and PEA3 are alsoWe first examined the profile of expression of ER81 and
expressed by developing DRG neurons. We focused onPEA3 by MNs during mouse embryonic and postnatal
the L4 and L5 DRG, but similar findings were obtaineddevelopment. At limb levels of the spinal cord ER81 and
at other segmental levels (data not shown). ExpressionPEA3 were expressed by nonoverlapping subsets of
of PEA3 was first detected at E12.5, and ER81 at E13.0MNs within the lateral motor column (LMC), but were
(Figures 2A±2C; data not shown). Individual DRG neu-excluded from neurons in the median motor column
rons, however, showed varied levels of ER81 expression(MMC) (Figures 1A±1J). PEA3 expression was first de-
(arrows in Figure 2B). Between E13.0 to E14.0, z20% oftected at zE11.0 and ER81 expression at E12.0, and
all DRG neurons, defined by Isl1 expression, expressedthe expression of both proteins persisted in subsets of
LMC neurons until at least P10 (data not shown). ER81 and z15% expressed PEA3 (Figure 2B; data not
Control of Sensory-Motor Connectivity by ER81
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Figure 2. ER81 Expression in Developing DRG Neurons
(A±I) Expression of ER81, PEA3, and markers of cutaneous or proprioceptive neurons in developing L4 and L5 DRG.
(A±C) Expression of ER81 (red) and PEA3 (green) in wild-type embryos (A and B) and ER81 (red) and b-gal (green) in Pea3nlslacZ/1 embryos (C).
The level of ER81 and PEA3 varied between individual neurons (white arrows in (B) indicate neurons expressing a low level of ER81 and high
level of PEA3). At E16.5, Pea3 expression was assessed in a mouse strain carrying a targeted nlslacZ insertion into the Pea3 locus. LacZ
expression in this line closely recapitulates endogenous PEA3 expression (S. A. and T. M. J., unpublished). The incidence of coexpression of
ER81 and Pea3 is z15% of all ETS1 neurons. At E16.5 z20% of PV1 neurons expressed lacZ, and z10% of TrkA1 neurons expressed lacZ
(data not shown). Thus, PEA3 appears to be expressed by a subset of proprioceptive neurons and also by some cutaneous neurons.
(D) Expression of TrkC (green) and TrkA (red) defines distinct neuronal populations in E13.5 DRG.
(E) ER81 (red) is coexpressed in TrkC1 (green) neurons. ER81 is also expressed by some TrkC2 cells (z30% of ER811 cells).
(F) ER81 (red) expression is excluded from TrkA1 (red) neurons at E13.5.
(G) Coincidence of expression of TrkC (green) and PV (red) in E15.5 DRG.
(H) At E16.5, the majority (.95%) of PV1 (red) cells coexpress ER81 (green).
(I) At E16.5, ER81 (red) is excluded from TrkA1 (red) neurons.
(J) Peripheral and central projections of group Ia/II and group Ib afferents (green). Left: group Ib muscle afferent receive sensory input from
GTOs and project to the intermediate spinal cord, making indirect connections with a-MNs (purple) through interneurons (IN). Right: group
Ia/II muscle afferents innervate muscle spindles in the periphery (gray). The central branches of group Ia/II afferents make direct connections
with a-MNs (purple) and also indirect connections. Both group Ia/II and group Ib afferents have a termination zone in the intermediate spinal
cord in the region of Clarke's column (CC) neurons.
(K and L) Innervation of the gluteus muscle at E16.5 visualized in whole mount by GAP-43 (K) or PV (L) expression. GAP-43 labels motor and
sensory axons whereas PV selectively labels proprioceptive axons. PV1 fibers innervating muscle spindles are indicated by white arrows (Ia).
Regions of afferent innervation of GTOs (indicated by white arrows; Ib) are found preferentially at the site of muscle insertion. Proprioceptive
nerve branches terminate at both muscle spindles and GTOs. Motor axons terminate in the central region of the muscle (fine GAP-431 branches
in [K]).
(M and N) PV1 (green) proprioceptive afferents innervate Egr31 (red) muscle spindles (M) and Egr32 nascent GTOs (N) in P3 gluteus muscle.
The group Ib ending shows a characteristic flame-shaped ending (N) whereas the group Ia/II ending associated with muscle spindles has an
annulospiral form (M).
(O and P) Muscle spindles in P10 adductor (O) and gluteus (P) muscles express AChR (a-bungarotoxin1; a-BTX; green) and are innervated
by PV1 proprioceptive afferents.
Scale bars: (A, C, D±F, H, O, and P) 5 20 mm; (B, G, and I) 5 15 mm; (K and L) 5 100 mm; (M and N) 5 35 mm.
shown). At this stage, .90% of ER811 cells coexpressed coexpressed ER81, z30% of ER811 neurons lacked
TrkC expression (Figure 2E), but no TrkA1 neurons ex-PEA3 (Figure 2B; data not shown), but by E15.5 this
number had decreased to z10% (Figure 2C; data not pressed ER81 (Figure 2F). From E16.0, TrkC expression
could not reliably be detected with available antibodies,shown).
To determine which classes of DRG neurons express but PV expression marked all proprioceptive neurons.
PV was expressed by muscle spindle (group Ia andthese ETS proteins, we examined the coexpression of
ER81 and PEA3 with TrkC and parvalbumin (PV), mark- group II) and GTO (group Ib) afferents and was excluded
from cutaneous neurons (Figures 2G, 2H, 2J±2P). Fromers of proprioceptive neurons and with TrkA, a marker
of small diameter cutaneous neurons (Figures 2D±2I; E16.5 to P10, expression of ER81 was detected in virtu-
ally all PV1 proprioceptive neurons (Figure 2H; data notMu et al., 1993; Honda, 1995). At E13.5, all TrkC1 neurons
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Figure 3. ER81 and PEA3 Expression in De-
veloping Muscle Spindles
(A) Low magnification view of the gluteus
muscle of a P7 Er81nlslacZ/1 embryo processed
for b-gal activity. The arrow indicates a mus-
cle spindle (S). A low level of b-gal activity is
also detected in subsynaptic nuclei in ex-
trafusal muscle fibers.
(B) Low magnification view of the gluteus
muscle of a P14 Pea3nlslacZ/1 mouse processed
for b-gal activity. Arrows indicate labeled
muscle spindle (S), GTO and the myotendi-
nous junction (MTJ). Pea3 is also expressed
at low levels by Schwann cells associated in
intramuscular nerves.
(C) Section through a P10 muscle spindle
showing ER81 (red) and AChR (green; aBTX)
expression.
(D) b-gal expression in intrafusal muscle fi-
bers in a section of P10 Er81nlslacZ/1 hindlimb
muscle.
(E) ER81 (red) expression by intrafusal muscle
fibers and PV1 (green) proprioceptive end-
ings in E18 gluteus muscle.
(F) b-gal activity in intrafusal muscle fibers in
a section of E18 Er81nlslacZ/1 hindlimb muscle.
Scale bar: (A and B) 5 250 mm; (C and E) 5
25 mm; (D and F) 5 35 mm.
shown). Thus, the temporal profile of ER81 expression in (Figure 4A). In mice homozygous for the Er81ETS allele,
no expression of ER81 protein was detected in DRG ormouse differs from that in chick, where ER81 expression
MNs (Figures 4D and 4E), suggesting a null mutation.becomes restricted to a subset of proprioceptive neu-
In the Er81nlslacZ allele, no expression of ER81 was de-rons by late embryonic stages (Lin et al., 1998).
tected at E13.5 (data not shown), but from E15, z5%
of the normal number of labeled DRG neurons showed
ER81 immunoreactivity (data not shown). The immuno-Expression of ER81 and PEA3 by Muscle Spindles
reactivity detected in Er81nlslacZ mice, however, is likely toIntrafusal muscle fibers, a third cell type that contributes
represent an inactive ER81 protein lacking an activationto the monosynaptic stretch reflex circuit, are also
domain (see Experimental Procedures; Coutte et al.,marked by expression of ER81 and PEA3. Developing
1999). The phenotypes of the Er81ETS and ER81nlslacZ al-intrafusal fibers were identified by expression of Egr3
leles were similar (data not shown), supporting the idea(Figure 2M; Tourtellotte and Milbrandt, 1998) and by
that both are null mutations.diffuse expression of ACh receptors (Figures 2O, 2P,
Mice heterozygous and homozygous for the two tar-and 3C). The expression of ER81 and PEA3 in muscle
geted Er81 alleles were born at normal Mendelian fre-spindles was detected within all limb muscles examined,
quencies (data not shown) and no overt phenotype wasirrespective of the ETS expression status of the MNs
detected in mice heterozygous for either allele. How-that supply these muscles (Figure 3; see also Figures
ever, mice homozygous for the two Er81 alleles exhib-8H and 8I; data not shown). PEA3 expression was first
ited marked limb ataxia and abnormal flexor-extensor
detected in muscle spindles at E15.5, but ER81 expres-
posturing of their limbs (Figures 4F and 4G; data not
sion was not detected until E18.0 (Figures 3E and 3F;
shown). This phenotype became apparent in the first
data not shown). Both proteins were expressed at low few postnatal days and mice died by 3±5 weeks. We
or negligible levels by extrafusal muscle fibers (Figures have confined our analysis of the Er81 mutant pheno-
3A and 3B; data not shown). Cells that contribute to type primarily to the Er81ETS allele, in view of the detec-
GTOs expressed PEA3 but not ER81 (Figures 3A and tion of residual ER81 immunoreactivity in the Er81nlslacZ
3B; data not shown). allele.
Motor and Sensory Neurons Are Generated
A Defect in Motor Coordination in Er81 Mutants in Er81 Mutants
To examine the role of ETS genes in the development The ataxic behavior of Er81 mutants lead us to examine
of sensory-motor circuitry, we generated two targeted the development of sensory neurons and MNs. We de-
alleles of Er81. In the first allele (Er81ETS) the eleventh tected no change in the specification or early differentia-
exon, encoding part of the ETS DNA binding domain, tion of MNs in Er81 mutants (Supplemental Figure S1,
was deleted and in the second allele (Er81nlslacZ) an SV40 see Supplemental Data section below). The total number
nuclear localization signal (nls) fused to lacZ was intro- of Isl11 DRG neurons was similar in wild-type and homo-
zygous Er81ETS mice (Figures 5A and 5B). The generationduced in frame with the ATG present in the second exon
Control of Sensory-Motor Connectivity by ER81
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Figure 4. A Motor Coordination Defect in Er81 Mutant Mice
(A) Generation of Er81 mutant mice. (Top) Organization of the Er81 genomic locus in regions targeted by homologous recombination (exons
1±4 and exons 9±11; light blue boxes). Exon 2 contains the Er81 start codon and exon 11 encodes the N-terminal region of the ETS domain
(Coutte et al., 1999). The gray bars indicate the probes (Ex2 and ETS Ex11) used to detect homologous recombination in the strategies outlined
in (i) and (ii).
(i) Disruption of Er81 by integration of an IRES-taulacZpA-PGK-NEO cassette (Arber et al., 1999) into exon 11. Assay for b-gal activity in these
mice indicated that the taulacZ protein was not expressed.
(ii) Integration of a nlslacZpA-PGK-NEO cassette into exon 2, in frame with the endogenous ATG (Arber et al., 1999).
(B) Southern blot analysis of Er81ETS mutant mice. Genomic DNA from wild-type (1/1), heterozygous (1/2), and mutant (2/2) tails was
digested with XbaI and analyzed with the ETS probe (A; ERI/XbaI) detecting an 8 kb wild-type band and a 5 kb mutant band (indicated to the
left). Similar diagnostic blots were obtained from the exon 2 targeted allele (available on request).
(C) PCR analysis of genomic DNA from Er81ETS wild-type (1/1), heterozygous (1/2) and mutant (2/2) tails. PCR primers to detect the presence
of an unrecombined allele were located in exon 11 (59primer) and 39 to exon 11 (39 primer) to amplify a 500 bp product (arrows in [A] indicate
primer positions). This product was absent in Er81ETS mutant mice. Primers within the Neomycin gene were used to detect the presence of a
targeted allele. An analogous strategy was used to genotype Er81Ex2 mutant mice.
(D and E) Absence of ER81 expression in L4/5 DRG of E15.5 Er81ETS mutant mice. The level of protein in DRGs of heterozygous embryos was
indistinguishable from that in wild-type embryos.
(F and G) Motor discoordination in Er81ETS mutant mice (P10). Distorted positioning of the forelimb in an Er81ETS mutant but not in wild-type
or heterozygous Er81ETS mice.
Scale bar 5 30 mm.
of TrkA1 cutaneous neurons was not altered in Er81ETS a decreased level of PV expression, the specification of
proprioceptive neurons appears to occur normally in themutants examined at P5 (data not shown). The number
of proprioceptive neurons, assayed by expression of absence of ER81.
the truncated 59 Er81 transcript and by expression of
TrkC and lacZ, was similar in wild-type and Er81 mutant Loss of Monosynaptic Connections
between Proprioceptive Afferentsmice from E13 to P5 (Figures 5C±5H, see legend for
quantitation). The number of PEA31 DRG neurons was and MNs in Er81 Mutants
To begin to assess the functional properties of proprio-not altered in Er81ETS mutant mice (data not shown). The
number of PV1 DRG neurons was also similar in wild- ceptive neurons in Er81ETS mutants, we stimulated pe-
ripheral muscle nerves and recorded compound sensorytype and Er81ETS mutant mice (Figures 5I and 5K), but
the level of PV expression in individual neurons was action potentials in the dorsal root at P6 to P8. Many
rapidly conducting proprioceptive afferents were de-decreased approximately 5- to 10-fold (Figures 5J and
5K). PV1 axons were also detected in the dorsal roots tected in Er81ETS mutants (Figures 5P and 5Q). However,
the latency of the fast component of the compoundand peripheral nerves of wild-type, heterozygous, and
homozygous Er81ETS mice examined at P5 (Figures 5L± sensory action potential was consistently 1±2 ms longer
in Er81ETS mutant mice, and a few axons conducted even5O), but the level of axonal PV expression was also
reduced (data not shown). Thus, with the exception of more slowly (Figures 5P and 5Q).
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Figure 5. Generation of Proprioceptive Neurons in Er81ETS and Er81nlslacZ Mutant Mice
(A and B) A similar number of Isl11 DRG neurons is present in Er81ETS/1 (A) and Er81ETS/ETS mutant embryos (B) (E17.5).
(C and D) A 59 truncated Er81 transcript is present at low levels in Er81ETS/ETS mutant mice. The number of labeled neurons detected in Er81ETS/1
(C) and Er81ETS/ETS mutant mice (D) is comparable.
(E and F) Labeled DRG neurons in Er81nlslacZ/1 (E) and Er81nlslacZ/ETS mutant mice (F). In Er81nlslacZ/1 (E) mice, the number of b-gal1 DRG neurons
is similar to that in Er81nlslacZ/ETS mice (E13.5) (F). Er81nlslacZ/1: 100 1/2 6 b-gal1 cells/L4/L5 DRG section; Er81nlslacZ/ETS 101 1/2 10 b-gal1 cells/
L4/L5 DRG section, E17; mean 6 SD; n 5 8.
(G and H) TrkC expression in P5 mice. The number of neurons detected in Er81ETS/1 (G) and Er81ETS/ETS mutant mice (H) is comparable.
(I±K) Similar numbers of PV1 DRG neurons are generated in Er81ETS/1 (I) and Er81ETS/ETS mutant mice (E17.5) (J and K). The level of PV expression
in Er81ETS/ETS mutant DRGs was reduced by approximately 5- to 10-fold. To estimate the number of PV1 neurons in Er81ETS/ETS mutant mice,
the gain of the confocal microscope was increased (K) to compensate for the reduction in PV expression, achieving a similar signal to that
in heterozygotes (I). (Er81ETS/1 992 1/2 88 PV1 cells/L4 DRG; 1950 1/2 161 PV1 cells/L5 DRG; Er81ETS/ETS 1056 1/2 101 PV1 cells/L4 DRG;
1800 1/2 154 PV1 cells/L5 DRG; 1/1 1152 1 150 PV1 cells/L4 DRG; 1700 1/2 131 PV1 cells/L5 DRG. (Mean 6 SD; analysis for two embryos
of each genotype, counts of every other section).
(L±O) Proprioceptive afferent projections in peripheral nerves and dorsal roots.
Transverse sections through L4 dorsal root (DR; L, Er811/1; N, Er81ETS/ETS) and sciatic nerve (M, Er811/1; O, Er81ETS/ETS). The number of PV1
fibers detected in Er811/1 (L and M) and Er81ETS/ETS mutant mice (N and O) is comparable. The gain of the confocal microscope was increased
to collect images in (N) and (O).
(P and Q) Electrical stimulation of the quadriceps muscle nerve at P6 elicits compound sensory action potentials in L3 dorsal roots. The
velocity of action potentials is decreased in Er81ETS/ETS mutant mice (Q), as indicated in the poststimulation latency histograms.
Scale bars: (A±D, G, and H) 5 80 mm; (E and F) 5 50 mm; (I±K) 5 70 mm; (L±O) 5 50 mm.
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The mild reduction in axonal conduction velocity ob-
served in Er81ETS mutants is unlikely to account for the
profound defect in motor coordination. We therefore
examined connectivity between proprioceptive affer-
ents and MNs in an isolated spinal cord±peripheral nerve
preparation (Mears and Frank, 1997). Low threshold
stimuli were applied to dorsal roots or to individual mus-
cle nerves and synaptic responses in MNs were re-
corded extracellularly from ventral roots.
In wild-type and heterozygous Er81ETS mice, dorsal
root stimulation elicited compound synaptic responses
(Figure 6A; data not shown). The earliest synaptic com-
ponents, with latencies of 2±3 ms after dorsal root stimu-
lation (black arrowheads in Figure 6), represent mono-
synaptic input from proprioceptive afferents supplying
muscle spindles. This monosynaptic component was
sufficiently large to evoke action potentials that were
superimposed on the synaptic response of MNs (Figure
6A). Longer latency responses, which reflect polysyn-
aptic proprioceptive and cutaneous sensory input to
MNs, were also detected in wild-type and heterozygous
mice (Figure 6A). In Er81ETS mutants, the amplitude of
monosynaptic responses was reduced by z10 fold, and
these inputs were never sufficient to evoke action poten-
tials in MNs (Figure 6B). In contrast, long-latency poly-
synaptic potentials recorded in Er81ETS mutant mice
were qualitatively similar to those in wild-type and het-
erozygous mice (Figures 6A and 6B).
To examine the defect in connectivity in more detail,
we recorded synaptic responses in MNs after stimula-
tion of individual muscle and cutaneous nerves. Cutane-
ous nerve stimulation evoked similar late synaptic re-
sponses in wild-type and Er81ETS mutant mice (data not
shown). In contrast, in Er81ETS mutants, monosynaptic
inputs elicited by muscle nerve stimulation were greatly
reduced (Figures 6C±6J). A reduction in monosynaptic
input was observed for all muscle nerves stimulated,
independent of whether these nerves supplied muscles
innervated by ER811 MNs (obturator, quadriceps; Fig-
ures 6C±6F, 6I, and 6J), PEA31 MNs (pectoralis, gluteus;
Figure 6. Reduction in Monosynaptic Input from Proprioceptive Af-Figures 6G and 6H; data not shown) or ETS2 MNs (so- ferents to MNs in Er81 Mutants
leus; data not shown). In Er81ETS mutant mice, the de-
(A and B) Stimulation of sensory fibers in the L3 dorsal root at P8
crease in amplitude of the monosynaptic component elicits a large ventral root response in both wild-type and Er81ETS/ETS
varied between 4- and 40-fold, depending on the muscle mutant animals. Expanded time scale reveals that Er81ETS/ETS mutant
nerve stimulated (Table 1). The reduction in monosynap- animals have a greatly reduced response at short latencies, which
correspond to monosynaptic afferent input. In wild-type animals (A),tic input was evident from P5 to P12, and at all segmental
the monosynaptic EPSP (which starts at the filled arrowhead in alllevels (data not shown).
panels) is suprathreshold, eliciting an action potential in many MNs.Two features of the response of MNs suggested that
In contrast, in Er81ETS/ETS mutants, the early component is drastically
the spatial relationship between proprioceptive afferent reduced and is never sufficient to elicit action potentials.
terminals and MN dendrites is perturbed in Er81ETS mu- (C±J) Synaptic responses of P8±P9 lumbar MNs to stimulation of
low threshold (proprioceptive) afferent fibers in muscle nerves. Thetants. First, the rise time of the monosynaptic potential
monosynaptic component of each response has been fitted with awas slower in Er81ETS mutants (Figures 6E and 6F), sug-
scaled monosynaptic model trace (red) to estimate its amplitudegesting that inputs are confined to more distal regions
(see Supplemental Data). With stimulation of the quadriceps or ob-
of MN dendrites (Kuno and Llinas, 1970). Second, in turator nerves, this component is usually suprathreshold in Er81ETS/1
wild-type mice the synaptic response was preceded by or wild-type mice (C and I; data not shown), but is substantially
a prepotential (arrows in Figures 6A, 6C, 6E, 6G, and 6I) reduced in Er81ETS/ETS mutant mice (D, F, H, and J). Polysynaptic
afferent input, which begins where the response deviates from thethat reflects the passive response of MN dendrites to
model trace (open arrowheads) is still present in Er81ETS/ETS mutantlocal current flow that follows action potential invasion
mice. Proprioceptive afferent inputs in Er81ETS/ETS mutant mice alsointo nearby afferent terminals (Watt et al., 1976). This
have longer latencies. Two other characteristic features of proprio-
prepotential was absent in Er81ETS mutant mice (Figures ceptive inputs in Er81ETS/ETS mutant mice, the absence of prepoten-
6B, 6D, 6F, 6H, and 6I), suggesting that the density of tials (vertical arrows in A, C, E, G, and H) and the slower rising phase
proprioceptive afferent terminals in the vicinity of MN of the residual monosynaptic component (compare E and F) are
discussed in the text.dendrites is decreased.
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Table 1. Reduction of Monosynaptic Sensory-Motor Potentials in Response to Muscle Nerve Stimulation in Er81ETS Mutant Mice
Peripheral Nerve Er811/1 Er81ETS/ETS % Normal
Quadriceps 179.6 6 24.6 (16) 15.4 6 3.2 (12) 8.6
Obturator 182.3 6 20.9 (9) 4.4 6 0.8 (8) 2.4
Gluteus 65.1 6 14.8 (4) 1.7 6 0.2 (4) 2.6
MBS 141.0 6 25.5 (7) 10.2 6 3.5 (6) 7.2
Peroneal 117.6 6 26.3 (7) 25.7 6 3.9 (7) 21.9
Tibial 229.4 6 36.5 (7) 61.8 6 12.6 (7) 26.9
Average amplitude of monosynaptic potentials recorded from ventral roots after stimulation of individual muscle nerves at P5 to P10. The
reduction in EPSP amplitude is significantly reduced in Er81ETS mutants for all muscle nerves examined (p , 0.05, Student's t test). Amplitude
in mV, mean 6 SEM, number of experiments indicated in parentheses.
An Anatomical Defect in the Termination of overlap between proprioceptive afferents and MN den-
drites is markedly reduced, leading to the reduction inProprioceptive Afferents in Er81 Mutants
The physiological defect in sensory-motor connectivity monosynaptic connectivity detected physiologically.
in Er81ETS mutants led us to examine whether there is a
detectable change in the intraspinal projection of pro- A Defect in Muscle Spindle Differentiation
in Er81 Mutantsprioceptive afferents and if so, when this defect be-
comes apparent. We used two assays to trace the intra- We also examined whether the peripheral connections
of proprioceptive afferents are defective in Er81ETS mu-spinal projection and termination zones of proprioceptive
axons. HRP was injected into the dorsal roots of embry- tants. To test this, we analyzed molecular markers of
differentiated muscle spindles and GTOs and usedonic and postnatal mice, and the projection of afferents
supplying muscle or cutaneous targets was traced (Fig- physiological methods to assess the activation of group
Ia and group Ib sensory endings. The differentiation andures 7A±7H). The projection of proprioceptive afferents
was also assessed by axonal expression of TrkC or PV function of GTOs examined at P5±P10 was not obviously
affected in Er81 mutants (see Supplemental Figure S3).(Figures 7I±7P).
In wild-type embryos, proprioceptive afferents project In Er81ETS mutants, the differentiation of muscle spin-
dles was initiated, as assessed by expression of Egr3into the dorsal spinal cord at E14.0 (Ozaki and Snider,
1997), and by E15.0 have projected to the intermediate at E15 to E18.0 (Figures 8A and 8D; data not shown),
and by the presence of PV1, GAP431 proprioceptivezone, close to a set of Isl11 neurons located in the
deep dorsal horn (Figures 7A and 7I; data not shown). axons (Figures 8B, 8C, 8E, and 8F; data not shown).
However, between E18 and P5 there was a clear defectBetween E15.5 and P0, group Ia muscle spindle affer-
ents project further ventrally, close to proximal MN den- in the differentiation of intrafusal fibers, assessed by the
loss of expression of Egr3 and of the Er81nlslacZ markerdrites and MN cell bodies (Figures 7C and 7K). By E18
to P2, muscle spindle afferents have formed direct func- (Figures 8G±8L). The extent of the loss of differentiated
intrafusal fibers, however, varied between individualtional connections with MNs (Mears and Frank, 1997).
In contrast, proprioceptive afferents supplying GTOs muscle groups (Figures 8H, 8I, 8K, and 8L). The number
of PV1 axons within the muscle mass was also markedly(group Ib afferents) project only to the intermediate spi-
nal cord and solely contact interneurons (Brown, 1981). reduced (data not shown), but it is unclear whether this
reflects the retraction of proprioceptive axons or theAt E14.0 to E15.5, the projection of proprioceptive
afferents into the dorsal spinal cord, assessed by TrkC loss of PV expression.
We also examined the activation of group Ia afferentsexpression and HRP labeling, was similar in wild-type,
heterozygous, and homozygous Er81ETS embryos (Fig- with stimuli (vibration) that selectively activate muscle
spindles (Brown et al., 1967). In wild-type mice examinedures 7A, 7B, 7I, and 7J; data not shown). From E16.0,
however, the ventral termination zone characteristic of at P5±P10, vibration of the quadriceps muscle elicited
a nearly synchronous firing of several group Ia fibersgroup Ia afferents was almost completely absent in
Er81ETS mutants (Figures 7D, 7F, 7H, 7L, 7N, and 7P). (Figure 8M). Group Ia fiber responses followed stimulus
frequencies of 50 Hz (Figure 8O). In contrast, in Er81ETSFewer than 1% of the normal number of HRP-labeled
and PV1 proprioceptive afferents were detected ventral mutant mice, muscle vibration was much less effective
in activating group Ia afferent fibers (Figures 8N andto the position of Isl11 interneurons (Figure 7D; data not
shown). The density of proprioceptive afferent projec- 8P), and in z50% of mutant mice, group Ia fiber activity
was absent (Figure 8P; data not shown). Together, thesetions in the dorsal and intermediate spinal cord, how-
ever, appeared similar in wild type and Er81ETS mutants results indicate that the loss of ER81 function leads to
a late defect in the development and function of muscleexamined at E15.0 to E16.5 (Figures 7A±7D, 7I, and 7J).
A similar defect was observed at forelimb and thoracic spindles.
levels (data not shown). No change in the central projec-
tions of cutaneous afferents in the dorsal spinal cord Discussion
was detected, assessed by HRP tracing (Figures 7A and
7H) and Neuropilin-1 expression (Supplemental Figure This study provides genetic evidence that ER81 is re-
quired for the formation of functional connections be-S2). Thus, in Er81ETS mutants, proprioceptive neurons
fail to form a ventral termination zone characteristic of tween proprioceptive afferents and MNs. In Er81 mu-
tants, group Ia muscle spindle afferents fail to establishgroup Ia afferents. As a consequence, the extent of
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Figure 7. A Defect in the Central Projection of Proprioceptive Afferents in Er81ETS Mutants
(A±H) Development of the sensory afferent projections into the spinal cords of wild type (A, C, E, and G) and Er81ETS/ETS mutant (B, D, F, and
H) mice assessed after HRP injections into L4/5 DRGs (E15.5 and E16.5) or L4/5 dorsal roots (E18.5 and P5). The red dashed lines indicate
the dorsoventral position of Isl11 interneurons (I; data not shown). Red arrows in (D) indicate some of the very few proprioceptive afferents
that extend into the ventral spinal cord in Er81ETS mutants. Arrow in (G) indicates the region of MN cell bodies. This region is devoid of
proprioceptive afferent fibers in Er81ETS/ETS mutant mice (H).
(I and J) At E15.5, TrkC1 afferent fibers (green) project into the dorsal spinal cord (L4/5) reaching the position of dorsal Isl11 interneurons
(red) in similar numbers in Er811/1 (I) and Er81ETS/ETS mutant (J) embryos.
(K±P) Development of proprioceptive afferent projections in Er811/1 (K, M, and O) and Er81ETS/ETS mutant (L, N, and P) mice at L4/5, assessed
by PV expression at E16.5 (K and L), E18.5 (M and N) and P5 (O and P). The level of PV expression in Er81ETS mutant spinal cords was reduced
by approximately 5- to 10-fold but was compensated for by enhancing the gain of confocal images.
Scale bar: (A±D) 5 100 mm; (E±H) 5 160 mm; (I and J) 5 60 mm; (K and L) 5 100 mm; (M±P) 5 170 mm.
a characteristic ventral termination zone in the vicinity context of the role of transcription factors in the assem-
bly of neuronal circuits in the developing vertebrateof MN dendrites and as a consequence functional reflex
motor output is abolished. We discuss these findings in CNS.
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Figure 8. A Defect in the Development of Muscle Spindles in Er81ETS Mutants
(A±F) The initial stages of muscle spindle differentiation occur in Er81ETS/ETS mutant mice. Serial sections through the same muscle spindle in
Er811/1 (A±C) and Er81ETS/ETS mutant (D±F) embryos (E17.5), stained to reveal Egr3 (A and D) and PV1 (B and E) or GAP-431 (C and F) axons.
(G±L) A defect in muscle spindle differentiation at P5 in Er81ETS/ETS mutant mice.
(G and J) A muscle spindle in the quadriceps muscle stained to reveal Egr3 in Er81nlslacZ/1 (G) and Er81nlslacZ/ETS mutant (J) mice.
(H±L) Whole mount view of gluteus (H and K) and pectoralis (I and L) muscle in a Er81nlslacZ/1 (H and J) or Er81nlslacZ/ETS (K and L) mouse (P7)
processed for b-gal activity. The loss of molecular markers of intrafusal muscle fibers was virtually complete in the gluteus, gracilis, biceps
femoris, and semitendinosus muscles, whereas residual spindles were detected in the pectoralis, adductor, rectus femoris and some other
muscles.
(M±R) Activation of group Ia afferents and synaptic responses elicited in MNs.
(M±P) Selective stimulation of group Ia afferents in the RF head of quadriceps. Group Ia afferents in both Er811/1 (M and O) and Er81ETS/ETS
mutant (N and P) mutant mice respond to low-frequency vibration during the first postnatal week. However, the response in Er81ETS/ETS mutant
mice is defective: fewer spindle afferents are activated and most afferents that do respond cannot follow vibration frequencies .20 Hz. A
single Ia afferent produced a z10 mV response in both wild-type and Er81ETS/ETS mutants.
(Q and R) Synaptic responses recorded after peripheral activation of group Ia axons recorded in L3 ventral root in Er811/1 (Q) and Er81ETS/ETS
mutant (R) mice (P6±P7). Selective activation of quadriceps group Ia fibers elicits a subthreshold monosynaptic potential with no prominent
late components in Er811/1 mice (Q). No response is detected in Er81ETS/ETS mutants (R).
Scale bar: (A±F) 5 40 mm; (G and J) 5 60 mm; (H, I, K, and L) 5 300 mm.
Specification of Proprioceptive Neurons and MNs A Central Defect in Sensory-Motor Connectivity
in Er81 MutantsIs Independent of ER81 Function
The onset of ER81 expression normally occurs at a rela- The first detectable defect in Er81 mutants is a failure
of proprioceptive afferents to establish a ventral termi-tively late stage in the specification of sensory and MN
identityÐafter MNs have acquired their columnar and nation zone, a hallmark of group Ia muscle spindle affer-
ents. Nevertheless, some proprioceptive afferents inrostrocaudal identity (Goulding, 1998) and after DRG
neurons express molecular markers of proprioceptive Er81 mutants still terminate close to the distal region of
MN dendrites in the intermediate spinal cord (Ozaki andand cutaneous neuronal subclasses (Farinas et al., 1998;
Ma et al., 1999). Since ER81 expression occurs only Snider, 1997).
Is the loss of the ventral termination zone of proprio-after axons have entered the periphery, and early limb
ablation prevents the onset of neuronal Er81 expression ceptive axons sufficient to explain the pronounced loss
of monosynaptic connectivity in Er81 mutants? Fewer(Lin et al., 1998), signals from the limb may control the
onset of ETS gene expression. than 1% of the normal number of proprioceptive affer-
ents invade the ventral spinal cord in Er81 mutants.Consistent with the late onset of ER81 expression,
Er81 mutant mice do not show any defect in the specifi- Despite this, for some muscle nerves, the monosynaptic
input from proprioceptive afferents to MNs in Er81 mu-cation of MNs or in the projection of MNs to individual
muscles in the limb. Moreover, the initial guidance of tants was up to 25% of that detected in wild-type or
heterozygous mice (Table 1). Moreover, the pronouncedproprioceptive axons along the dorsal roots and into
the dorsal spinal cord is unchanged in Er81 mutants. slowing in the rise time of the monosynaptic potentials
recorded in Er81 mutants indicates that residual afferentThus, the loss of Er81 function does not perturb the
guidance of the axons of MNs or proprioceptive neurons synaptic contacts are established primarily on the distal
region of MN dendrites (Kuno and Llinas, 1970). To-in the periphery or into the dorsal spinal cord.
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gether, these observations suggest that those proprio- spinal cord. Against this idea, the proprioceptive affer-
ent projection phenotype observed in Pea3, Er81ETS dou-ceptive afferents that find themselves in the vicinity of
distal MN dendrites in Er81 mutants are still able to ble mutant embryos is not more severe than that in
Er81ETS mutants (S. A. and T. M. J., data not shown).establish monosynaptic connections. Thus, ER81 ap-
pears to control the formation of a ventral afferent termi- Thus, ER81 and PEA3 appear to have nonredundant
functions in proprioceptive neurons, perhaps a conse-nation zone rather than the process of synaptogenesis
itself. quence of differences in their preferred target DNA se-
quences (Mo et al., 1998).
An Intrinsic Requirement for ER81 ETS Gene Expression and Muscle
in Proprioceptive Neurons Spindle Development
The expression of ER81 by proprioceptive neurons, The initial steps of muscle spindle development occur
MNs, and intrafusal muscle fibers complicates assign- in Er81 mutant mice, but many intrafusal fibers subse-
ment of the cellular locus of ER81 action that underlies quently dedifferentiate or degenerate. The loss of differ-
the defect in afferent termination zone. Nevertheless, entiated muscle spindles in Er81 mutants could provide
the expression of ER81 by MNs is unlikely to be respon- an explanation for the slowed conduction velocity of
sible for the defect in afferent projections, since the proprioceptive afferents. It remains unclear, however,
loss of the ventral termination zone and monosynaptic whether the muscle spindle phenotype observed in Er81
connectivity are evident at forelimb levels of the spinal mutants reflects the loss of expression of ER81 from
cord where few if any MNs express ER81. Signals from muscle spindles or from proprioceptive neurons. In prin-
muscle spindles have been suggested to influence the ciple, the muscle spindle defect could result from the
development of proprioceptive afferents (E. Frank et al., loss of a factor supplied by proprioceptive neurons that
Soc. Neurosci. abstract 25, 2011, 1999). In particular, is necessary for the maintenance of muscle spindles.
mice lacking the function of Egr-3, exhibit a postnatal Nevertheless, in Er81 mutants, pronounced defects in
degeneration of muscle spindles (Tourtellotte and Mil- muscle spindle development occur only after the normal
brandt, 1998; J. Kucera et al., Soc. Neurosci. abstract onset of ER81 expression by intrafusal fibers, sug-
25, 2011, 1999) and monosynaptic input from proprio- gesting that ER81 expression may be required in intrafu-
ceptive afferents to MNs is reduced (E. Frank et al., Soc. sal muscle fibers themselves.
Neurosci. abstract 25, 2011, 1999). However, the loss of The loss of the differentiated properties of intrafusal
expression of ER81 from muscle spindles cannot initiate fibers in Er81 mutants is not evident in all muscle groups.
the proprioceptive axonal projection defect. ER81 is first Other studies have provided evidence for heterogeneity
expressed in muscle spindles only at E18, well after in the neurotrophic factor dependence of muscle spin-
the proprioceptive afferent projection defect is evident. dles in different muscle groups (Kucera et al., 1998; J.
Together, these findings indicate that proprioceptive Kucera et al., Soc. Neurosci. abstract 25, 2011, 1999).
neurons represent the primary locus of action of ER81. The differential loss of muscle spindles observed in Er81
Proprioceptive neurons can be divided into two major mutants could contribute to the variability in the extent
classes; group Ia and group Ib afferents. The density of of residual monosynaptic connectivity between different
proprioceptive afferents observed in the dorsal spinal sets of proprioceptive neurons and MNs (Table 1).
cord is similar in Er81 mutants and wild-type embryos,
suggesting that all proprioceptive afferents project as ETS Gene Expression and the Selectivity
far as the intermediate spinal cord. The detection of of Sensory-Motor Connections
residual monosynaptic connections between proprio- Studies in chick have revealed a matching in the expres-
ceptive afferents and MNs in Er81 mutants also indi- sion of ER81 and PEA3 in interconnected sensory and
cates that some functional group Ia afferents are present MNs (Lin et al., 1998). This finding raised the possibility
in the intermediate spinal cord. But in the absence of that ETS genes control aspects of pool-specific sen-
ER81, all proprioceptive afferents terminate in a pattern sory-motor connectivity. The severity of the connectivity
characteristic of group Ib afferents. Thus, ER81 function defect in these constitutive Er81 mutants has prevented
appears to be required to establish the distinct laminar us from analyzing directly the role of ETS proteins in
termination zones of group Ia and group Ib propriocep- establishing specific sensory-motor connections.
tive afferents. Why then do group Ib afferents normally Comparison of the pattern of ER81 expression in
fail to project into the ventral spinal cord, since they also mouse and chick also reveals a divergence in its regula-
express ER81? Our results imply that ER81 is inactive in tion by proprioceptive neurons. A common early phase
group Ib afferents, perhaps because this set of neurons of widespread ER81 expression in mouse is not followed
lacks an essential cofactor, or expresses an inhibitor of by protein segregation into distinct sensory neuron
ER81 function. pools, as in chick. This finding reduces the likelihood
At early developmental stages, ER81 and PEA3 are that the expression of ER81 in sensory neurons contrib-
coexpressed by many proprioceptive neurons, raising utes to the specificity of proprioceptive afferent connec-
the issue of potential redundancy between these two tions with individual motor pools in the mouse. However,
genes. PEA3 clearly does not substitute for ER81 in in mouse the level of ER81 protein varies markedly in
establishing the ventral termination zone of propriocep- different proprioceptive neurons, and ER81 isoforms
tive afferents. Nevertheless, ER81 and PEA3 could, in with differing activities can be generated through alter-
principle, have redundant functions in controlling the native splicing and differential phosphorylation (Wasylyk
et al., 1998; Coutte et al., 1999). It remains possible,initial trajectory of proprioceptive afferents in the dorsal
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Pea3nlslacZ and Pea3taulacZ(39) lines is available upon request. Hb9nlslacZtherefore, that different subsets of proprioceptive neu-
mice have been described (Arber et al., 1999).rons in the mouse do exhibit different levels of ER81
activity. Independent of this issue, our results do not
In Situ Hybridization and Immunocytochemistry
negate a role for ER81 in defining the specificity of pro- Cryostat sections were hybridized with digoxigenin-labeled mouse
prioceptive afferent connections with MN pools, by vir- Er81 and rat TrkC probes as described (Schaeren-Wiemers and
Gerfin-Moser, 1993). Most antibodies used have been describedtue of the selective and conserved expression of the
(Arber et al., 1999); rabbit and guinea pig anti-ER81 were generatedprotein in specific MN pools.
against the 11 C-terminal aa of mouse ER81. Other antibodies were
anti-TrkA (Huang et al., 1999); anti-PV (Swant); anti-TSP4 (Arber
and Caroni, 1995); anti-S100 (DAKO); anti-Egr-3 (O'Donovan et al.,Neuronal Circuit Assembly and Transcription Factors
1998); goat anti-TrkC (Huang et al., 1999). ImmunocytochemistryOur studies indicate that ER81 has a selective role in
was performed as described (Kopp et al., 1997; Arber et al., 1999)
establishing the distinct laminar termination zone that using fluorophore-conjugated secondary antibodies (Jackson Labs)
characterizes one of the two major subclasses of pro- (1:500 to 1:1000). Rhodamine-labeled a-bungarotoxin (Jackson
Labs) was used at 1:2000. Images were collected on a BioRad MRCprioceptive afferent neurons, without any earlier influ-
1024 confocal microscope.ence on the guidance of sensory or motor axons. This
distinction in afferent termination zone is critical for the
Retrograde Neuronal Labeling and Histochemistryformation of functional sensory-motor circuits. In this
To trace the projection of sensory afferents, the spinal cord was
sense, the role of ER81 revealed here contrasts with the exposed leaving the dorsal roots and DRG intact. HRP was injected
actions of many other transcription factors that regulate into DRGs (E15 to E16.5) or dorsal roots (embryos older than E16.5)
using glass capillaries. After injection, embryos were incubated foreither neuronal fate or early steps in axon guidance
2±3 hr (Lin et al., 1998; Arber et al., 1999) before fixation and detec-(Bang and Goulding, 1996; Landgraf et al., 1999; Sauer-
tion of HRP. For retrograde tracing, HRP was injected into limbessig et al., 1999; Thor et al., 1999).
muscles of E15.5 embryos and incubated for 4 hr (Lin et al., 1998).Recent analysis of mice lacking Otx1 function has
Cholera toxin-HRP (0.1% in PBS; List Biological Laboratories) was
shown that certain cortical neurons fail to refine their injected into the quadriceps nerve in vivo at P3 and animals were
exuberant axonal projections (Weimann et al., 1999), but processed for HRP activity after 3 days (Rivero-Melian, 1996).
b-galactosidase staining was performed as described (Arber et al.,it remains unclear if Otx1 controls the connectivity of
1999).those cortical projections that are normally preserved.
The function of Er81 revealed in this study does, how-
Electrophysiological Analysisever, suggest parallels with the role proposed for Unc-4,
Spinal cords with attached peripheral nerves, and in some cases
a homeobox gene that appears to dictate the selectivity with the quadriceps muscle group, were isolated at P5 to P10 and
of synaptic input from interneurons to MNs in C. elegans maintained as described (Mears and Frank, 1997). Extracellular re-
cordings from motor and sensory neurons were made at 258C with(Miller and Niemeyer, 1995). Analysis of the molecular
suction electrodes applied to ventral and dorsal roots. Group Iatargets of ER81 in proprioceptive neurons may provide
axons were activated selectively by applying 1±2 ms z50 mmfurther insight into the way in which ETS transcription
stretches to the distal tendon of the RF head with a piezoelectricfactors define late steps in the assembly of neuronal
bimorph (Brown et al., 1967; Lichtman and Frank, 1984). For activat-
circuits in the mammalian CNS. ing group Ib axons selectively, we elicited single twitch contractions
of RF via electrical stimulation (below threshold for g fiber activation)
of the L3 ventral root (Jansen and Rudjord, 1964). Synaptic poten-
Experimental Procedures tials were measured from averages of 10±20 traces at 0.5 Hz. No
significant differences were noted between heterozygous and wild-
Generation of Er81 Mutant Mice type mice.
Mouse genomic clones were derived from a 129/Sv genomic library The monosynaptic (group Ia) component of synaptic responses
(Stratagene). For details on the genomic structure of the mouse was estimated by scaling a superimposed model trace of proprio-
Er81 locus see GenBank accession AF109633 to AF109642 (Coutte ceptive input from the same muscle in a normal mouse of similar
et al., 1999). The targeting vector for production of the Er81ETS allele age (Mears and Frank, 1997). The model trace was evoked by stimu-
was constructed from an 8.5 kb EcoRI/XbaI genomic fragment con- lating a muscle nerve at just suprathreshold strength; the resulting
taining 5.5 kb sequence 59 to exon 11, 3 kb 39 to exon 11, and a 59 small (10±20 mV) synaptic potential therefore included few, if any,
PmeI site. An XbaI site followed by stop codons in all three reading polysynaptic components. For responses in mutant mice, the model
frames and a PacI site for insertion of the IRES-taulacZ cassette was delayed by 1±3 ms to allow for the longer peripheral conduction
(Arber et al., 1999) were integrated into exon 11. The probe used to times of the afferents, which were measured as in Figures 5P and
screen ES cell recombinants was a 1 kb XbaI/EcoRI 59 region (XbaI 5Q. When inputs were suprathreshold (Figures 6C and 6I), the true
digest). Oligonucleotides used for PCR screening (500 bp band) amplitude of the monosynaptic components in those MNs with
were: 59-ATTTCATTGCCTGGACTGGACGAG-39 and 59-TCACTCA- spikes was probably underestimated because their peaks occurred
CAGAATGTTGTCTCTCC-39. The targeting vector for the production just after the action potential. Since suprathreshold inputs were
of the Er81nlslacZ allele was derived from a 7 kb KpnI/SpeI fragment. never observed in mutant mice, however, this error would lead only
Targeting cassettes (Arber et al., 1999; without an IRES) were inte- to an underestimate of the reduction of responses in mutants. Rise
grated in frame with the endogenous ATG by insertion of an NcoI times were measured between 5% and 95% of peak amplitude.
site into exon 2. The probe used to screen ES cell recombinants When responses were superthreshold, the stimulus intensity was
was a 400 bp XbaI/KpnI 59 region (NcoI digest). PmeI linearized reduced to obtain a subthreshold response.
targeting constructs were electroporated into W95 ES cells, selected
with G418 and screened by Southern blot analysis. The frequency Supplemental Data
of recombination was z1:5 (exon 11 construct) and z1:30 (exon 2 Supplemental text and Figures S1±S3 are available online (http://
construct). Recombinant clones were injected into C57BL/6J blasto- www.cell.com/cgi/content/full/101/5/485/DC1).
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